The effect of milk coagulation properties of herd bulk milks on cheese yield, and on composition of cheese and cheese whey was estimated using milks that were collected from two herd groups each consisting of 4 herds. The herd groups differed from one another in milk coagulation properties. Frequencies of α s1 -casein C allele, β-casein A 1 and B alleles, and κ-casein B allele; proportion of Finnish Friesian cows in a herd; and concentrations of κ-casein, α-lactalbumin, and β-lactoglobulin were higher for the group with good milk coagulation properties than for that with poor properties. Two Emmental cheeses were made of milk of each group, and about 740 l of milk was used to produce one cheese. On average 2 kg more cheese was obtained from milk with good coagulation properties than from milk with poor properties. The dry matter content of the cheeses was higher, and the fat and casein contents in the cheese whey were lower for the well-coagulating than for the poorly coagulating milk. These observations suggest that improvement of coagulation properties of herd bulk milk would improve the efficiency of cheese-making.
Introduction
Variation in milk coagulation properties between individual cows has been rather well documented. Important factors that contribute to this variation are lactation stage, season, parity, feeding, udder health, breed, milk protein polymorphism, genetic level of cows, and composition of milk (Riddell-Lawrence and Hicks 1989 , Jakob and Puhan 1992 , Walsh et al. 1995 , Ikonen et al. 1997 , 1999a . The large variation in milk
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coagulation properties that was observed in a sample of 789 Finnish Ayrshire (FAy) cows was in part because 8% of the cows had produced non-coagulating milk (Ikonen et al. 1999a ). Noncoagulating milk did not form curd within 30 min after addition of rennet to the milk. Non-coagulation of milk has been observed also by Okigbo et al. (1985) , and Davoli et al. (1990) .
Published results for the degree of variation in milk coagulation properties between various herds and for the factors that cause this variation are rare. In a sample of 51 herds, a large variation in milk coagulation properties among the herds was observed (Ikonen et al. 1999a ). None of the studied factors, including breed, milk protein polymorphism, or composition of milk, fully explained this variation (Ikonen et al. 1999a ). However, the κ-casein (CN) B allele, that is rare (8%) in the FAy (Ikonen et al. 1996) , was more common in the herds with good milk coagulation properties than in those with poor properties (Ikonen et al. 1999a ). Martin et al. (1997) found differences in milk coagulation properties between six herds, but the variation was smaller than that observed by Ikonen et al. (1999a) . Variation in milk coagulation properties between herds can be important at least for small and medium-sized cheese plants. When the milk for cheese-making comes from a restricted number of farms, the proportional impact of milk from one farm on the average milk coagulation ability can be considerable (Puhan and Jakob 1993) .
Milk coagulation properties have a rather clear effect on yield and composition of cheese; milk that coagulates quickly and effectively retains fat and CN in the coagulum is expected to produce higher cheese yields with more desirable composition than milk with unfavourable properties (Bynum and Olson 1982 , Grandison 1986 , Aleandri et al. 1989 , Lucey and Kelly 1994 , Martin et al. 1997 .
In cheese-making experiments, cheeses have often been made using milk that was collected from rather small cow groups with certain milk protein genotypes or other characteristics (Marziali and Ng-Kwai-Hang 1986a and 1986b , Tong et al. 1993 , Walsh et al. 1995 , Mayer et al. 1997 , Toivonen et al. 1998 . Because of the rareness of some casein alleles (e.g., the κ-CN B allele), and linkage disequilibrium in the CN loci (Bovenhuis et al. 1992 , Ikonen et al. 1999b , appropriate selection of cows according to CN genotypes can be difficult. In few studies milk was collected from various herds that differed in milk coagulation properties (Grandison et al. 1985 , Martin et al. 1997 ). This selection procedure may, however, better reflect the true variation in milk coagulation properties within a milk supply area than selection by milk protein polymorphism.
The objective of this study was to estimate the effect of the coagulation properties of herd bulk milks on cheese yield, and on composition of cheese and cheese whey.
Material and methods

Selection of herds for the cheese-making experiment
The herds that would provide milk for the cheese-making experiment were chosen from 30 candidate herds with 10 or more FAy or Finnish Friesian (FFr) cows. The candidate herds were located along two milk collection routes of the dairy co-operative Alueosuuskunta Promilk (Lapinlahti, Finland). The objective was to find herds that differed as much as possible in milk coagulation properties and, if possible, only slightly in gross composition and SCC of milk.
Milk coagulation properties as well as fat and protein contents (Milko-Scan; Foss Electric A/ S, Hillerød, Denmark) and somatic cell count (SCC) (Fossomatic cell counter; Foss Electric A/S) of the candidate herds' bulk milk were determined twice in February 1997. Milk coagulation properties (milk coagulation time, curdfirming time and firmness of the curd) were determined with a Formagraph (Foss Electric A/ S,) as described by Ikonen et al. (1999a) .
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The candidate herds varied considerably in milk coagulation properties (Fig. 1) . The first test produced values for curd firmness ranging from 0.0 mm (non-coagulating milk) to 31.0 mm, and the second from 3.0 mm to 34.0 mm (Fig. 1) . Except for a few herds, milk coagulation properties were rather stable within each herd during the sampling period.
Of the candidate herds, 8 herds with extreme milk coagulation properties were chosen for the cheese-making experiment (Fig. 1) . Group A consisted of 4 herds that had produced well-coagulating milk, and group B of 4 herds that had produced poorly coagulating milk on both previous determinations of milk coagulation properties (Fig. 1) .
Additional information about the chosen herds
Information on parity, lactation stage, and breed for the cows in the chosen herds were obtained from the Agricultural Data Processing Centre (Vantaa, Finland).
Collection of milks for the cheese-making experiment
One essential objective of the collection of milk was to get equal amounts of milk from the herds of each group. Consequently, milk for the cheesemaking experiment was obtained in 2 to 6 consecutive milkings in both herd groups (Table 1) . During the collection period the milk was kept at 4ºC in the tanks of the farms. The milk was collected on the 12 th of March in 1997. Milks of the two herd groups were collected separately in two tanks to avoid mixing. The herds of group A were somewhat larger than those of group B (Table 1) . Consequently, 2800 l of milk was collected from the herds of group A and 1900 l of milk from those of group B. In addition, a milk sample was taken from the tank of each herd and from each cow in the herds.
The proportion of a single herd milk yield in the total milk yield in the herd group ranged from 15 to 35% in group A and from 15 to 33% in group B. In addition, even though the number of milkings varied somewhat in both herd groups, the average number of milkings differed only 
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slightly between group A (4.0 milkings) and group B (4.5 milkings). Consequently, the collection of the milks from the two herd groups was quite successful concerning the age and the relative volume of the milks produced in the 8 herds.
Cheese-making
The cheeses were made on the 13 th of March at a pilot-scale cheese plant, which is a part of the commercial cheese plant of Valio Ltd. in Lapinlahti. Because there were two cheese vats at the pilot-scale cheese plant, it was possible to make two cheeses simultaneously. The vats were composed of two adjacent round tanks that were joined to each other.
Two Emmental cheeses were first made of milk with good coagulation properties (milk A) and then two cheeses of milk with poor properties (milk B). In total, 640 to 650 l of herd bulk milk was used to produce one cheese. The first pair of cheeses was made in 4 to 5 hours, during which time milk B was kept cool in a tank. The second pair of cheeses was made immediately after the first one. Cheese-making conditions were identical for each vat.
The cheeses were made according to a procedure that is used in Emmental production at the commercial cheese plant of Valio Ltd. in Lapinlahti. The milks were first thermisised at 63 ± 1°C. Because the fat content of thermisised milk A (4.07%) did not differ from that of milk B (4.08%), all milks were standardised by adding 100 l of skimmed bulk milk. The skimmed bulk milk was pooled milk that was used for standardisation in Emmental production at the commercial cheese plant on the cheese-making day. After standardisation, samples were taken for chemical analyses.
The standardised milks were inoculated with Streptococcus thermophilus T101, Lactobacillus helveticus K16, Lactobacillus rhamnosus LC705, and Propionibacterium freudenreichii ssp. freudenreichii 131. The starters are produced by Valio Ltd. and are used in Emmental production at the commercial cheese plant of Valio Ltd. in Lapinlahti. About 20 minutes later, 45 ml Thermolase (Endothia parasitica protease) rennet (Sanofi/Bio-Industries, Laboratories Granday-Roger, La Ferte sous Jouarre, France) was added, and the milks were allowed to coagulate at 31.5ºC.
The firmness of the coagulums was assessed by an experienced cheesemaker by observing the effect of cutting with a spatula. All coagulums were cut mechanically 35 min after addition of rennet, even though the curds of milk B were at that point somewhat softer than those of milk A. In commercial cheese production in Finland, coagulums are cut after a fixed time (in Emmental production usually about 30 min after addition of rennet) unless curd firmness varies considerably between the cheese vats. The curd-whey mixtures were cooked and stirred at 31.5ºC for 50 min, and 75 l of water was added to each mixture. During the following 100 min the curd-whey mixtures were cooked and stirred at 49.5 to 54ºC. The curds were then separated from the cheese whey and moved to round cheese moulds. During the separation of the cheeses and cheese whey, several samples of the cheese whey were taken in order to get representative samples for chemical analyses.
The cheeses were pressed at a pressure of about 10 kPa for 14 h at 30ºC, after which the fresh cheeses were weighed and samples for chemical analyses were taken. The cheeses were kept in brine (salt concentration of 20%) for 24 h and were then packed into vacuum plastic bags. The cheeses were ripened according to the standard procedure (at 25ºC for 4 d, at 9ºC for 6 d, at 23 to 25ºC for 36 d and at 5ºC for 6 d), after which samples for chemical and sensory analyses were taken.
Chemical analyses
Standardised milk. The four batches of standardised milk were analysed for milk coagulation properties (Formagraph), pH, SCC (Fossomatic cell counter; Foss Electric A/S), and for contents of 1) dry matter, fat and protein (Milko-Scan; Foss Electric A/S), 2) whey and CN (IDF standards 29:1964 and 20B:1993) , 3) α s1 -, α s2 -, β-and κ-CN, α-lactalbumin and β-lactoglobulin (LG), 4) ash, calcium and phosphorus (IDF standard 154:1992, Waters method C-207 (Waters; Millipore, Massachusetts, USA), and Waters method A-101, respectively). Concentrations of CN components were determined by multiplying relative proportions of individual CN in total CN by CN content. Relative proportions of individual CN were determined by fast protein liquid chromatography (FPLC) (Pharmacia Biotech, Uppsala, Sweden) as described by Syväoja (1992) . Individual whey proteins were fractionated by FPLC as described by Syväoja and Korhonen (1994) .
Fresh and ripened cheeses. The fresh and ripened cheeses were analysed for contents of 1) dry matter (IDF standard 21B:1987) , 2) fat (IDF Standard 5B:1986), 3) protein (IDF Standard 20B:1993), 4) ash (for fresh cheeses only; IDF standard 27:1964), 5) calcium (Atom absorption spectrometry method, IDF standard 154:1992), and 6) phosphorus (IDF standard 42B:1990) . In addition, the ripened cheeses were assessed for interior appearance, texture and taste by two experienced evaluators that had been trained by Valio Ltd.
Cheese whey. The cheese whey samples were analysed for contents of 1) dry matter (IDF standard 21B:1987) , 2) fat (IDF standards 1C:1987 and 16C:1987) , 3) protein (N-analyser LECO F-428; LECO, St. Joseph, Michigan, USA); 4) CN, and 5) caseinomacropeptide. CN content was determined by ultracentrifuging 100 ml of cheese whey. After ultracentrifuging, most of the whey was decanted, and residual whey and fat were extracted from CN twice with 5 ml of diethyl ether. The remaining CN was then weighed. Caseinomacropeptide content was determined by the method described by Outinen et al. (1995) .
Other analyses. The milk samples that were taken from the tank of each herd were analysed for milk coagulation properties (Formagraph). The milk samples of the individual cows in the chosen herds were used to determine genotypes of α s1 -, β-and κ-CN, and β-LG by using the method described by Erhardt (1989) .
Statistical analyses
The statistical significance of the differences between group A and group B in the studied characteristics was determined using one-way analyses of variance and F test. For the characteristics that described the chosen herds (Table 2) , the number of observations in a herd group was either four or equal to the total number of cows in the group. For the cheese-making characteristics (Tables 3 and 4) , the number of observations in a herd group was two.
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Results and discussion
Characteristics of the herds
None of the individual herd bulk milks of Group B coagulated, whereas those of Group A coagulated moderately (Table 2) . Fat and protein contents and somatic cell count of milk did not differ between the two groups (Table 2) .
There was no difference in average parity or lactation stage of the cows between the groups (Table 2) . Even though the lactation stages of the cows were quite evenly spread along lactation, about 40% of the cows were in mid lactation in both groups. In previous Finnish studies, milk coagulation properties were at their weakest in mid lactation (Ikonen et al. 1997 , 1999a , Tyrisevä et al. 1999 ). This could in part explain why milk coagulation properties of the chosen herds were somewhat poorer during cheese-making in March (Table 2) than they had been dur- 6 Lactoglobulin. * * * P < 0.001, ** P < 0.01, * P < 0.05, (*) P < 0.10, and ns. non-significant.
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ing the selection period in February (Fig. 1) . The average value for curd firmness of group A was of the same magnitude as those previously reported for milks of individual cows (Ikonen et al. 1997 (Ikonen et al. , 1999a .
The α s1 -CN C allele, the β-CN A 1 and B alleles, and the κ-CN B allele were more frequent in the herds of group A than in those of group B ( Table 2 ). The favourable association of the β-CN A 1 , β-CN B, and κ-CN B alleles with curd firmness was in agreement with the results of some other studies (Tervala et al. 1985 , Davoli et al. 1990 , Ikonen et al. 1997 , 1999a . According to Marziali and Ng-Kwai-Hang (1986a, 1986b) , the β-CN A 1 A 1 and κ-CN BB genotypes were associated with the most favourable cheese making properties. The κ-CN E allele was somewhat more common in the herds of group B than in those of group A, which was in agreement with the results reported by Ikonen et al. (1999a) . The κ-CN E allele is rather common (about 30%) in the FAy (Ikonen et al. 1996) , the main dairy breed in Finland.
The differences in the casein allele frequencies between the herd groups were, in part, due to a higher proportion of FFr cows in group A than in group B. Among the FFr cows of this study (n = 65) the α s1 -CN C allele, the β-CN A 1 and B alleles, and the κ-CN B allele were more frequent (0.13, 0.51, 0.02, and 0.17, respectively) than among the FAy cows (n = 47) (0.00, 0.28, 0.00 and 0.09, respectively). Because of the structure of the data of this study, effects of breed and milk protein polymorphism on the studied traits were thus confounded. In addition, because of linkage disequilibrium in the CN loci, certain casein alleles may appear together more often than expected when a random combination of casein alleles is assumed (Bovenhuis et al. 1992 , Ikonen et al. 1999b . Because of the small data of our study, it was impossible to determine the casein haplotypes for the cows. In addition, it was impossible to simultaneously estimate the effects of the casein alleles to see whether each previous allele (α s1 -CN C, β-CN A 1 and B, and κ-CN B) actually had a favourable effect on milk coagulation properties.
Standardised milks
Thermisation and standardisation improved coagulation properties of the milks slightly, but the difference in curd firmness between the groups was still considerable (Table 3) . Concentrations of κ-CN, α-lactalbumin, and β-LG were higher in A milks than in B milks (Table 3) . SCC was low in the milks of both groups.
Fresh and ripened cheeses
On average 2 kg more fresh cheese was yielded from milk A than from milk B (Table 4) . This difference was not statistically significant, because only one of the cheeses made of milk B was clearly smaller than those made of milk A. An association between firm curd and high cheese yield has been reported by Okigbo et al. (1985) , Aleandri et al. (1989) , and Nsofor (1989) . According to Mitchell et al. (1986) , bulk milks with long coagulation time and high SCC were associated with lower cheese yield and higher moisture content of the cheeses than those with short coagulation time and low SCC. In the present study, SCC did not explain the difference in milk coagulation properties or cheese yield between the herd groups.
The dry matter content was higher in the cheeses of milk A (A cheeses) than in those of milk B (B cheeses) ( Table 4 ). All milks were standardised to the same fat content, so the coagulums of milk A could entrap about 6% units more fat than could those of milk B. The association between the firm curd and the high dry matter content of the cheese that was observed in this study was also reported by Martin et al. (1997) and Walsh et al. (1995) . According to Zehren (1993) , increasing the fat transfer % is one of the most effective ways to maximise the cheese yields and consequently the revenues of a cheese dairy.
The moisture content in non-fat substance was lower in A cheeses than in B cheeses (Table 4 ). According to Kefford et al. (1995) , a
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low moisture content in non-fat substance of a cheese is due to favourable syneresis properties of the milk used for cheese-making. Higher concentrations of ash, calcium and phosphorus in A milks than in B milks (Table 3) were reflected in higher concentrations of these minerals in fresh and ripened A cheeses than in B cheeses (Table 4) .
Cheese whey
Less fat and CN were lost in the cheese whey of A cheeses than in that of B cheeses (Table 4) . This result was in agreement with the results reported by Berg (1993) and Walsh et al. (1995) . According to Lawrence et al. (1993) , the most important step in estimating the efficiency of a cheese-making process is to measure the residual CN and fat lost in the cheese whey.
Sensory analyses
There was no difference in the sensory properties of the cheeses between the herd groups (Table 4). Even though B cheeses got a remark on roughness, all cheeses were of good quality and would have been acceptable for sale. Martin et al. (1997) did not find any clear association between milk coagulation properties and sensory properties of cheeses. The cheese-making technology used and the type of cheese made in our study differed from those in Martin et al. (1997) .
General discussion
For practical reasons, the number of cheeses had to be restricted to four in this study. The volume of the milk that was used for making one cheese Table 3 . Characteristics of the standardised milks of group A (n = 2) with good milk coagulation properties and of those of group B (n = 2) with poor properties. Statistical significance for the difference in the characteristics between the groups. ** P <0.01, * P < 0.05, and ns. non-significant. Vol. 8 (1999): 411-422. was, however, large compared to that of other studies (e.g., Marziali and Ng-Kwai-Hang 1986a, 1986b) . In addition, the milks used for cheese making were collected from several herds that were of reasonable size in Finnish conditions. However, the results of this study have to be interpreted carefully in order to draw reasonable conclusions concerning the differences in the studied characteristics between the herd groups. In addition, it would be useful to repeat the cheese-making experiment to confirm the results of this study.
Before making the cheeses, it was decided that each coagulum would be cut about 30 min Table 4 . Average yield of the fresh cheeses, composition of the fresh and ripened cheeses and cheese whey, and sensory analyses of the ripened cheeses for group A (n=2) with good milk coagulation properties and of those for group B (n=2) with poor properties. Points for sensory analyses are from 1 to 5; 1 is the worst and 5 the best value. ** P < 0.01, * P < 0.05, and (*) P < 0.10, ns. non-significant.
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after rennet addition if they all were firm enough to be cut. Because the cheeses were made according to a procedure that is used in commercial Emmental production, it was thus possible to mimic the commercial cheese-making process. Consequently, it was possible to extrapolate the differences in the studied characteristics between the herd groups to large-scale cheese production.
The herds in group A and in group B differed from one another in milk coagulation properties. The non-standardised milks of group B did not coagulate, whereas the corresponding milk from group A coagulated moderately. The difference in milks coagulation properties between the groups was reflected in the difference in the composition of cheese and cheese whey between them. In addition, although the differences in consumption of milk and in cheese yield between the groups were not statistically significant, they would be remarkable if extrapolated to largescale cheese production. Because of the limited data it was, however, not reasonable to calculate any exact figures for the differences in the cheese-making properties between the groups at factory level.
A few factors were in part responsible for the differences in cheese-making efficiency between the herd groups; milk protein polymorphism, breed, and protein and mineral composition of milk. These factors were confounded, and because of the small data it was not possible to disentangle them from one another. In addition to these factors, various environmental factors like management and feeding may have been responsible for the differences in milk coagulation and cheese-making properties between the herd groups.
Some of the factors that caused the variation in coagulation and cheese-making properties of the milks could possibly be utilised to permanently improve the efficiency of cheese production. The milk coagulation properties themselves are well-inherited and repeatable traits (Ikonen et al. 1997 (Ikonen et al. , 1999a . If equipment for routine measurement of milk coagulation properties were available, good milk coagulation properties could be one breeding objective of the dairy cattle. The κ-CN B allele, which can be determined for animals of both sexes and all ages, could be favoured to indirectly improve coagulation and cheese-making properties of milk. The rareness of the κ-CN B allele in the FAy (Ikonen et al. 1996) might, however, restrict selection for that allele. Current methods for the determination of concentrations of individual proteins or minerals are not suitable for routine screening of a dairy cattle population. Consequently, at the moment these characteristics can not be improved by breeding.
In conclusion, a wide variation in milk coagulation properties between herds, and an effect of this variation on cheese-making properties were observed in this study. These observations suggest that improvement of coagulation properties of herd bulk milk would improve the efficiency of cheese-making.
